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THE  INTERACTION  OP  COMBUSTION  ZONES  AND  ANOMALIES 
IN  THE  DEPENDENCE  OP  THE  BURNING  VELOCITY  ON  PRESSURE 


Thi6  txanitat-Lon  lOaA  p>izpafie.d  in  A.c6pon6c  to  a  i^pzciat  Ktqu.t6t,  The 
aKticle.  waA  oxiginallij  published  aA  f,ottow6t 

Margolin,  A,  D.  Vzalmodeystvlye  stadly  gorenlya  1  anomal'naya 
zavlslmost'  skorostl  gorenlya  ot  davlenlya.  Zhurnal  flzlcheskoy  khlmll, 
V.  38,  no.  6,  1964,  1599-1601. 

The  combustion  of  powders  and  condensed  explosives  takes  place  In 
several  successive,  spatial  zones;  either  In  two  zones  [1,2]  or  In  three 
zones  [3-5]*  The  anomalous  Increase  In  the  temperature  coefficient  of 
the  burning  velocity  of  powder  has  been  explained  on  the  basis  of  the 
concept  which  considers  the  transition  of  the  leading  role  (which  con¬ 
trols  the  burning  velocity  of  the  entire  system)  from  one  zone  to  the 
other  [6]. 

In  many  cases  the  burning  velocity  of  a  system  Is  controlled  not 
by  a  single  zone  but  by  the  Interaction  of  several  combustion  zones  [7]. 
It  Is  possible  that  the  constancy  and  also  the  Inverse  dependence  of  the 
burning  velocity  on  pressure,  can  be  clarified  In  a  number  of  cases  by 
the  Interaction  of  several  combustion  zones  [8].  The  opinion  Is  held 
that  the  burning  velocity  is  Independent  of  pressure  when  the  leading 
combustion  zone  Is  located  In  the  condensed  phase  and  when  It  Is  Indepen¬ 
dent  of  pressure  [91 •  Prom  this  viewpoint  it  Is  hard  to  find  an  explana¬ 
tion  for  the  inverse  dependence  of  the  burning  velocity  on  pressure  and 
Its  constancy  when  v  «=  0  In  a  certain  pressure  range  and  at  pressures 
below  and  above  this  range  when  v  >  0. 

We  shall  schematically  consider  the  Interaction  of  two  combustion 
zones.  The  propagation  speed  of  each  zone  (ui )  depends  on  the  composi¬ 
tion  of  the  mixture,  the  heat  and  mass  transfer  (inside  the  zone  and 

between  the  zones),  and,  for  the  reaction  layer  of  the  condensed  phase, 

also  on  the  relationships  describing  dispersion  and  evaporation.  For  a 

given  model  we  shall  schematically  consider  that  the  mass  burning  rate 
of  each  stage  depends  on  the  pressure  p  and  the  distance  between  the 
zones  yi  which  controls  the  temperature  and  concentration  gradients  and 
consequently  also  the  thermal  and  dlffuslonal  fluxes: 


y):  y).  (l ) 

The  second  zone  Is  located  closer  to  the  products  of  complete  combustion 
and  has  a  higher  temperature.  This  two-zone  system  must  have  Internal 
stability,  l.e.,  after  an  eventual  change  In  the  distance  between  the 
zones,  the  Initial  distance  must  be  restored.  The  rate  at  which  the 
distance  between  the  zones  changes  Is  expressed  as  follows: 


— (o,  — Ul).  (2) 
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In  a  steady-state  regime  dy/dt  ■  0  and  therefore  y  «  yo,  and 
Uj  “  Uj  ■  u,  where  p  is  the  mean  density  and  u  Is  the  mass  burning 
rate  of  the  system.  Let  y  change  by  a  small  quantity  x*exp(nt);  then 
from  equation  (2)  we  obtain: 


expressed  as  following: 
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In  order  to  find  the  dependence  y(p),  we  write  the  differentials 
of  Uj  and  U2: 


dut 
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From  equations  (5)  we  find  the  relationship  y(p)  by  the  use  of  the 
condition  that  in  a  steady-state  regime  du^  ■  dUg: 


di/  P  V|  —  vi 

dp  y  aa  — ai* 


(6) 


The  values  of  v^,  Vg,  a^ ,  express  the  over-all  kinetics  and 
also  the  relationships  for  mass  and  heat  transfer.  Inserting  (6)  into 
(5)>  we  find; 


(/  In  u  02V|  —  aiVi 

dlnp  a,  -  a,  '  (7) 


where  v  characterizes  the  dependence  of  the  burning  velocity  of  the  system 
on  pressure;  v,  vi,V2  may  not  be  Identical  since  the  burning  velocity  of 
each  zone  depends  not  only  on  pressure  but  also  on  y. 

V/e  shall  investigate  under  what  conditions  v  ■  0  or  v  <  0.  The  triv¬ 
ial  case  occurs  when  vj  ■  0,  a^  ■  0  or  Vj  ■  0,  aj  ■  0,  l.e.,  the  velocity 
of  the  controlling  zone  is  independent  of  pressure. 

In  the  general  case  ai  /  0,  ag  /  0,  i.e.,  the  burning  velocity  de¬ 
pends  on  both  zones.  Then  v  can  have  values  not  only  between  vi  and  Vj 
but  also  outside  of  this  interval. 

Let  us  consider  the  case; 


Vi  >  0;  Vi  >  0;  0|  <  0. 


(8) 
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The  condition  <  0  signifies  that  the  velocity  of  the  first  2one  (ui) 
increases  as  it  approaches  the  second  zone  having  a  higher  temperature. 

From  formulas  (4),  (6),  and  (7)  it  follows  that  v  <  0  in  case  (8),  if 

at<0;  Vi  >  Vf:  dy/dp>i,  (9) 

Condition  (9)  signifies  that  at  v  <  o,  for  case  (8),  the  distance  between 
the  zones  increases  with  increasing  pressure,  which  situation  can  lead  to 
an  increase  in  the  critical  combustion  diameter  dd-j  the  burning  velocity 
of  the  second  zone  decreases  as  the  distance  between  the  first  and  second 
zona  Inoreases.  A  decrease  in  the  propagation  velocity  of  the  second 
zone  as  the  latter  recedes  from  the  first  zone,  can  take  place,  for  in¬ 
stance,  in  the  case  when  the  reaction  in  the  second  zone  takes  place  in 
the  presence  of  short-lived  active  centers  formed  in  the  first  zone. 

It  is  known  that  the  burning  velocity  of  a  number  of  substances  does 
not  depend  on  the  pressure  or  has  an  inverse  dependence  on  pressure  (in  a 
given  pressure  range  which  is  characteristic  for  a  given  charge  [10-12]), 

It  is  interesting  that  the  combustion  of  ammonium  perchlorate  is  attenuated 
in  the  region  with  v  <  0,  evidently  owing  to  the  increase  of  the  critical 
diameter  [10],  This  agrees  with  the  present  consideration.  Special 
studies  of  the  limiting  (critical)  diameter  are  required  because  a  de¬ 
crease  in  u,  also  by  classical  considerations,  leads  to  an  increase  in 
dcr(dcr”l/u,  since  the  characteristic  dimension  of  the  preheating  zone 
is  about  l/u). 

On  the  basis  of  the  concepts  developed  in  this  article  and  in 
reference  [6],  the  anomalous  dependence  between  the  burning  velocity  and 
and  pressure  can  be  explained  as  follows:  At  low  pressures  the  second 
combustion  zone  is  the  controlling  zone  and  v  =  Vs"  =  3(lnu2/lnui  )x ;  then  a 
region  follows  wi4;h  strong  interaction  of  the  zones  and  small  values  of 
v(v  <  v^;  V  <  Vj);  with  further  increase  in  pressure  the  first  zone  becomes 
the  controlling  zone  and  v  =  v°  =  ( 3lnUj/vlnp)p  , 

The  scheme  described  also  assumes  that  v  o  at  Vi  >  o  and  ^2  >  o 

if  V2  >  ai  >  o,  a^  >  o,  dy/dp  <  o.  At  lower  pressures  the  leading 
zone  is  the  first  zone,  then  a  region  of  strong  interaction  follows 
where  v  ^  o;  with  a  further  increase  in  pressure,  the  second  zone  be¬ 
comes  the  controlling  zone.  The  realization  of  the  latter  case  is  less 
probable  because  of  the  condition  a^^  >  o. 

In  this  paper  the  effect  of  the  interaction  between  the  zones  on 
the  dependence  between  the  burning  velocity  and  the  pressure  was  con¬ 
sidered.  It  is  possible  to  study  the  effect  of  other  factors  on  the 
velocity  of  multizone  combustion  with  interaction  of  the  zones.  For 
such  a  study  it  suffices  to  insert  in  the  given  formulas  a  instead  of 
p;  where  a  is  the  parameter  sought,  for  instance,  the  particle  diameter, 
the  concentration  of  additives,  etc. 

The  two  zones  considered  can  be  a  part  of  a  more  complicated  sys¬ 
tem,  e,g,,  a  three-zone  system,  where  the  two  zones  control  the  burning 
velocity.  The  burning  velocity  of  the  majority  of  powders,  according  to 
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present  opinion,  Is  controlled  mainly  by  the  processes  taking  place  In 
the  reaction  layer  of  the  condensed  phase  (first  zone)  and  In  the  zone 
adjacent  to  the  surface  of  the  condensed  phase  (second  zone)  In  which 
the  smoke -gas  or  gas  phase  burns. 

The  proposed  model  Is  readily  generalized  for  an  arbitrary  number 
of  zones.  For  a  more  refined  and  concrete  definition  of  the  model  of 
combust Ion -zone  Interaction,  It  Is  necessary  to  know  the  kinetics  of  the 
chemical  reactions  taking  place  In  the  different  zones. 

The  objective  of  the  study  Is  not  only  a  consideration  of  one 
combustion  model.  In  this  example  we  attempted  to  show  that  the  Inter¬ 
action  of  combustion  zones,  in  a  number  of  cases,  does  not  lead  to  a 
simple  summation  or  averaging  of  the  effect  of  the  Individual  stages, 
but  leads  to  qualitative  new  relationships,  including  those  of  the 
constancy  and  the  Inverse  dependence  of  the  burning  rate  on  pressure. 

The  concept  explained  can  also  be  useful  for  the  theory  of  combustion 
of  gas  mixtures. 

CONCLUSIONS 

In  the  study,  a  theoretical  analysis  was  made  of  the  Interaction  of 
combustion  zones  in  an  example  of  a  simple  model  of  the  process.  It 
was  shown  that  the  interaction  of  the  combustion  stages  in  a  number  of 
cases  does  not  lead  to  a  simple  summation  or  averaging  of  the  effect  of 
the  individual  zones,  but  may  lead  to  qualitatively  new  relationships. 
Including  those  for  the  constancy  and  the  inverse  dependence  of  burning 
velocity  on  pressure.  The  conditions  of  Internal  stability  were  obtained 
for  a  model  of  a  two-zone  combustion  model. 
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